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Animals exhibit physiological and
behavioral rhythms with periods
that closely approximate the 24 hr
day. The persistence of circadian
rhythms in cave-dwellers that
lived for generations without
diurnal environmental cues attests
to the remarkable robustness of
the internal clock [1]. Decades of
molecular genetic analyses have
led to a well developed model of
the cell-autonomous circadian
molecular clock [2]. At the level of
the whole organism, however,
coordinated circadian behavior
requires communication between
cells: this is less well understood
than the cell-autonomous
mechanisms, but it has been
known for a while that, in insects,
PIGMENT DISPERSING FACTOR
(PDF) plays a critical role in
circadian signaling. The PDF
receptor has been elusive but,
rather like the notorious long-
awaited cab, three papers [3–5]
have now arrived at once
reporting its characterization.
Recent studies [6–10] have
shown that regulated neuronal
electrical activity and synaptic
communication between groups
of pacemaker neurons is required
for maintaining synchronized
circadian rhythms. One emerging
theme is that neuropeptides
couple independent clocks
distributed within the pacemaker
neural circuits [11] in insects,
where the key neuropeptide is
believed to be PDF, and
mammals, where it is vasoactive
intestinal polypeptide (VIP). In
flies, this conceptual breakthrough
gained momentum with the
functional characterization of PDF
actions through a series of studies
led by the Taghert group [12]. Null
mutant flies lacking PDF, or flies in
which the PDF-expressing subset
of clock neurons have been
functionally silenced, exhibit
striking defects in diurnal and
free-running rhythms [6,8–10,12],
with an attenuated morning
activity peak and phase-advanced
evening peak in diurnal conditions
and highly penetrant arrhythmia in
constant darkness. Further
understanding of downstream
PDF targets and potential PDF-
mediated anatomical feedback
loops within the pacemaker circuit
clearly requires identification of
the PDF receptor.
The authors of the new papers
[3–5] discovered the PDF receptor
by three very different paths.
Using three different screens, the
three groups converged on the
same gene, CG13758, which
encodes a putative G protein-
coupled receptor. In fitting with
the post-genomic era, the
simultaneous publication follows
an n + 1 rule for nomenclature —
the gene product has been
variously named PDFR, Han,
Groom-of-PDF or simply CG13758
— where n is the number of
converging groups. Taghert’s
group [5] employed a clever twist
Three new papers report the long-awaited functional characterization
of the Drosophila receptor for the circadian-rhythm-regulating
signaling molecule PIGMENT DISPERSING FACTOR (PDF). The
discovery of the PDF receptor heralds progress in understanding the
circadian pacemaker circuit and output pathways in insects.
Figure 1. Diurnal and circadian locomotor behavior phenotypes of wild-type and PDF
null mutant Drosophila.
Locomotor activity plots shown are averages of 15 min bins where white = day, black
= night and gray = subjective day. Wild-type flies exhibit morning and evening antici-
patory locomotor behavior before lights on and lights off in diurnal conditions (12:12 hr
light: dark cycles, upper left panel), and are rhythmic in circadian conditions (constant
darkness, lower left panel). In contrast, PDF null flies, as well as flies that have disrup-
tions in the coding sequence of PDFR/Han/GOP [3,4], lack a morning anticipatory peak
and exhibit a phase advance in evening anticipatory locomotor behavior in diurnal con-
ditions (upper right panel) — and are arrhythmic in circadian conditions (lower right
panel). The black arrow shows the diurnal evening anticipatory peaks (upper panels).
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showed that PDF actions are
augmented by neurofibromatosis
1 (dNF1) in vivo [13]. Mertens et al.
[5] showed that HEK293 cells co-
expressing CG13758 with dNF1
exhibit a strong preferential
response to PDF. Similarly,
biochemical analysis by Hyun et
al. [3] revealed preferential
activation of CG13758 expressed
in Drosophila S2 cells by PDF.
Thus, PDFR/Han/Groom-of-
PDF/CG13758, referred to
henceforth as PDFR, appears to
be a bona fide PDF receptor.
All three groups [3–5]
characterized the behavior of P
element deletion lines or
retrotransposon insertion lines,
with the deletion or insertion in or
near the PDFR genomic locus,
along with deficiency line controls.
Hyun et al. [3] and Lear et al. [4]
groups obtained lines where the
coding sequence of PDFR is
disrupted, including lines where all
seven transmembrane domains
and the carboxy-terminal domain
of the protein were lost. These
homozygous lines, and
heterozygotes produced by
crossing with pdf01 null mutants,
phenocopy the diurnal and
circadian locomotor behavior of
pdf01 null mutant flies — that is,
they show a decrease in the
morning activity peak and a
phase-advance of the evening
peak in diurnal conditions and
arrhythmia in constant darkness
(Figure 1). Furthermore, Hyun et al.
[3] showed these behavioraldefects can be rescued by driving
PDFR expression with the
promoter of the clock gene per.
The P-element revertant lines
obtained by Mertens et al. [5] did
not result in losses of PDFR
coding sequence. While these
lines did not show the severe
diurnal and circadian locomotor
behavioral defects of the pdf01 null
mutant flies or the PDFR mutant
lines obtained by Hyun et al. [3]
and Lear et al. [4], they observed a
discernible behavioral impairment
similar to that of mutants with
defective geotaxis [14].
Now to the long awaited
question: in which neurons is
PDFR expressed? The fly
pacemaker circuit consists of
approximately 140 neurons
distributed among six distinct
groups [11]: the PDF-expressing
small and large lateral ventral
neurons (sLNvs and lLNvs); the
lateral dorsal neurons (LNds); and
three dorsal neuron groups (DN1-
3s). Mertens et al. [5] and Hyun et
al. [3] used immunocytochemistry
to address this issue, while Lear
et al. [4] used RNA in situ
hybridization. The three groups
come to similar conclusions, with
a few key differences in the
details (Figure 2).
The in situ hybridization
experiments of Lear et al. [4]
showed PDFR labeling in dorsal
and lateral dorsal neurons. The
labeled dorsal neurons include
known regions close to PDF nerve
terminals. In the absence of a
double label for the PERIOD orTIMELESS protein — key
components of the cell-
autonomous clock machinery — it
is not possible to tell whether the
in situ labeled dorsal neurons
include the DN1-3 pacemaker
neurons, but they are in the
general neighborhood.
Mertens et al. [5] generated
polyclonal antisera (anti-PDFR-C)
against a carboxy-terminal
sequence of PDFR. Double-
labeling with anti-PDFR-C and
anti-PERIOD antisera revealed
punctate anti-PDFR-C IR around
the PDF-positive sLNvs and lLNvs
pacemaker neurons as well as the
LNds pacemaker neurons. A pair
of dorsal DN1 neurons label with
anti-PDFR-C. The other DN1 and
DN2 neurons are adjacent to anti-
PDFR-C IR labeled puncta and
non-PERIOD expressing cell
bodies. Two to three of the DN3
neurons also co-label. From this
analysis, it appears that a fraction
of the pacemaker neurons
express PDFR and many of the
other pacemaker neurons are
nearby PDFR-positive cells or
puncta. Strikingly, none of the
PDF-positive LNvs is labeled with
anti-PDFR-C. Some of the PDFR-
positive neurons are considerable
distances from the PDF terminals,
suggesting that volume
transmission may occur for PDF
signaling.
A different picture of PDFR
distribution was obtained by Hyun
et al. [3], using antisera, anti-
PDFR-N, directed against an
amino-terminal sequence ofFigure 2. Contrasting distribution of PDFR/Han/GOP using two different antisera.
The left panel shows dual immuno-labeling of PDFR/Han/GOP (green) using anti-PDFR-C and PDF neuropeptide (red). Note that the
large lateral ventral neurons (lLNv) are not double labeled, but are surrounded by PDFR-immuno-reactive puncta. The white arrow-
heads show intermingled PDFR- and PDF-immuno-reactive puncta. In contrast, the center panel shows PDFR/Han/GOP immuno-
labeling (red) using anti-PDFR-N in a background of GFP expression driven by the period gene promoter (green). Note that the lLNv
neurons are double labeled, showing expression of PDFR/Han/GOP using this antisera. The panel on the right shows the distribution
of PDFR/Han/GOP (reddish purple) among the clock neurons (green) schematically as labeled using anti-PDFR-N. (Left panel adapted
from [5]; middle panel adapted from [3]; right panel courtesy of Jaeseob Kim.)
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DNA sliding clamps were first
characterized as DNA
polymerase processivity factors:
without their presence, cell
division would be inconceivably
slow; replication of long stretches
of DNA would be hopelessly
inefficient because DNA
polymerases tend to fall off the
DNA after elongating a strand by
just a handful of bases. By
tethering the polymerase to the
DNA, such processivity factors
enable the polymerase to add
thousands of bases in a few
seconds without detaching from
the DNA [1,2]. The term ‘sliding
clamp’ aptly describes a protein
that, while holding on to the
polymerase and binding
tenaciously to DNA, can still
travel vast distances along the
DNA. Direct observation of the
remarkable ring-shaped structure
of the dimeric polymerase III β
subunit (or β clamp) [3] provided
a beautifully simple mechanism
for sliding without falling off: the
protein can form a closed ring
around DNA and slide along like
a washer on a very long screw. 
DNA Sliding Clamps: Just the
Right Twist to Load onto DNA
Two recent papers illuminate a key step in DNA sliding clamp loading:
one reveals the structure of the PCNA clamp wrapped around DNA —
still open from being loaded — while the other finds that the clamp may
assist this process by forming a right-handed helix upon opening.PDFR: they found that all of the
lLNvs, one of the LNds, seven of
the DN1s and one of the DN1
pacemaker neurons co-label with
per-driven GFP. Anti-PDFR-N thus
labels a higher proportion of
pacemaker neurons than anti-
PDFR-C (Figure 2). While the
reasons for these differences are
not yet clear, they should be
resolved in short order. Further
work will focus also on the non-
clock PDFR neurons that
constitute the pacemaker output
pathways.
We can now expect that
putative anatomical feedback
loops within the pacemaker
circuit will be revealed as well as
downstream PDF-responsive
targets including circuits that
mediate locomotor and geotaxis
behaviors. Other work provokes
questions regarding
synchronization of circadian
physiological outputs. Genetic
manipulation of subsets of clock
neurons along with studies in
which unusual environmental
light-dark conditions that induce
complex behavioral rhythms with
multiple periods and altered
clock cycling in the pacemakers
of flies and mammals reveal the
importance of synchronizing
multiple clocks in vivo [6–10,15].
Recent electrophysiological
evidence provided by
extracellular recordings in the
cockroach brain suggests that
PDF acts to synchronize
assemblies of target neurons
[16]. This work has intriguing
parallels to electrophysiological
studies in mammals [17,18].
Future electrophysiological
analysis combined with
behavioral genetics will reveal the
detailed mechanisms of PDF
actions within the pacemaker
circuit.
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